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Adverse reactions, toxicity, and poor compliance from patients still represent major challenges for
conventional chemotherapy treatments. Localized drug delivery would ideally improve therapeutic
efficacy, minimizing the side effects. An MSU-type mesoporous silica-based nanodevice (FOL-MSN-
BTZ), able to selectively deliver the antineoplastic drug bortezomib (BTZ) to folate receptor over-
expressing multiple myeloma (FR+ MM) cells is described. The receptor-specific ligand, folic acid,
grafted on the external surface of the nanosystem, allows tumor recognition and cell internalization,
while BTZ, mainly linked to the pore internal surface through a covalent pH-sensitive bond, is released
in an acidic tumor environment. A detailed investigation showed that only the fine balancing of different
functionalities of the nanodevice around the external and internal surfaces of MSN particles shows the
absence of toxicity towards healthy cells in vitro and negligible BTZ-release at physiological pH, which
are suitable features for applicative purposes in the engineering of therapies. After complete
characterization in vitro, an accurate suspendability assessment, which considered the sedimentation
process that reduces the particle amount and, consequently, drug content in the suspensions, allowed
the development of an injectable formulation of FOL-MSN-BTZ that showed higher antitumor efficacy
and an overall tendency to lower toxicity in a MM mice model compared to the conventional
bortezomib chemotherapy.

Introduction

The main challenge of modern anticancer medicine is to
exclusively address drugs to cancer tissue without affecting
normal tissues, thus reducing side effects and maximizing
therapeutic efficacy. This ambitious project embraces materials

E-mail: antonella.leggio@unical.it

b Department of Environmental Engineering University of Calabria, via P. Bucci,
cubo 44/A, 87036, Arcavacata di Rende, CS, Italy. E-mail: l.pasqua@unical.it;
Fax: +39 0984 496655; Tel: +39 0984 496642

¢ Experimental Neurology Unit, School of Medicine and Surgery and Milan Center
for Neuroscience, University of Milano-Bicocca, via Cadore 48, 20900 Monza, Italy

 Department of Biology, Ecology and Earth Sciences, Centre for Microscopy and
Microanalysis (CM2), Transmission Electron Microscopy Laboratory, University of
Calabria, via P. Bucci, 87036 Arcavacata di Rende, CS, Italy

¢ Department of Chemistry and Chemical Technologies, University of Calabria, via
P. Bucci, 87036 Arcavacata di Rende, CS, Italy

/ Institute for Chemical-Physical Processes, National Research Council, 98158
Messina, Italy

+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2qm01009g

} Equally share the last authorship.

216 | Mater. Chem. Front., 2023, 7, 216-229

science, chemistry, biology, pharmacology, and medicine, result-
ing in the engineering of smart nanosystems, which offer unpar-
alleled opportunities to treat various diseases such as cancer.

The wide potentialities in the functionalization of material
surfaces allow the versatile developments of tailor-made nano-
structured platforms for several biomedical applications, mod-
ulating biological response, and improving biocompatibility,
therapeutic performance, and selectivity toward specific
targets."” Inorganic materials appear as promising platforms
to meet technical needs for the development of nanodevices for
nanomedicine applications. In this context, mesoporous silica
nanoparticles (MSNs) have been broadly tested as starting
architectures for biomedical applications.**

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Their solid framework, nanostructured through different
organic functionalities, provides hybrid organic-inorganic
nanodevices able to interact with biological structures,’ trigger-
ing cell internalization® and drug release, as a response to
several stimuli.”

MSNs have several advantages, such as high stability, good
biocompatibility, regularly sized pores and tunable pore dia-
meter in the range of 15-100 A, large loading capacity, and ease
of surface functionalization.®® The availability of two different
functionalizable surfaces, one internal and the other external to
the pores, makes them desirable options for encapsulating
therapeutic/diagnostic (theranostic) agents (e.g., drugs, miRNA,
siRNA, proteins, enzymes, DNA, as well as probes for imaging
applications) to be delivered to the desired target (e.g
tumors)'®"! These features endorse MSN exploitation in the
field of personalized medicine.'?

Moreover, silica is classified by FDA as “Generally Recog-
nized as Safe”, and it is used as a food additive, in pharma-
ceutical formulations and cosmetics.">"*

In 2007, we pioneered the preferential functionalization
of the external surface of MSN, removal of the structure-
directing agent, and drug loading of pores.'> The mesoporous
silica, obtained from double-phase emulsions,'® externally
derivatized with FOL, fluoresceine isothiocyanate and
cisplatin-loaded, showed receptor-mediated uptake and cell
killing in FR+ MM cells, without uptake in FR-negative (FR—)
cells."”

Here, we describe the development and optimization pro-
cess of an MSU-type mesoporous silica-based nanodevice,
functionalized with folic acid and bearing the anticancer drug
bortezomib linked through a pH-sensitive bond. Bortezomib is
a synthetic compound approved by the US FDA for multiple
myeloma (MM) patient treatment."®

The choice of using folic acid as a targeting function comes
from the well-documented evidence that the folate receptor is
highly expressed in tumor cells, including MM cells, compared
with normal cells. Moreover, folic acid has been largely
acknowledged as an effective targeting function to be exploited
in drug-delivery nanosystems."’

The overall system engineered in order to be recognized and
internalized by FR+ MM cells provides drug release when
triggered in the acidic tumor microenvironment*® and/or by
the low pH>' of the endosomal vesicles during MSN cell
internalization.

An accurate optimization process for the device, based on
drug release at different pH and toxicity on healthy cells, also
supported by a preliminary in vitro study,* provided a proto-
type showing striking selectivity towards FR+ cancer cells with-
out toxicity toward FR— healthy cells. Finally, a careful study of
the suspensions revealed the best formulation to administer to
myeloma-bearing mice. The obtained in vivo results showed
improvement in the therapeutic efficacy, lower bortezomib
toxicity when administered through the nanodevices, trend to
drug accumulation in tumors, and lower drug deposits in
normal tissues if compared with conventional bortezomib
chemotherapy.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Results

The device: design, development, and characterization

The FOL-MSN-BTZ prototype was designed with the aim of
improving the performance of conventional BTZ-based che-
motherapies, increasing tumor selectivity, and reducing drug
diffusion and deposit in healthy tissues.

It is a totally engineered device (Fig. 1a) able to release
bortezomib as a response to a pH stimulus received only in the
acidic microenvironment of the tumor (Fig. 1b). Fig. 1a shows
the representation of FOL-MSN-BTZ with evidence of functio-
nalization structural details. The targeting ligand, folic acid is
covalently bonded, via an amide bond, to an aminopropyl
group preferentially linked to the external surface of the
nanoparticles while bortezomib forms, with a diol linker
mainly anchored to the internal pore silica surfaces, a pH-
sensitive cyclic boronate ester (Fig. 1). The as-synthesized
materials were functionalized before solvent extraction of the
polyethylene glycol (PEG)-based surfactant thus protecting the
internal silica surface of the pores and, at the same time,
preferentially addressing the aminosilane-modifying agent on
the external surface of the mesoporous particles. According
to this specific synthetic protocol, as previously reported, a
considerable pore volume was recovered after the surfactant
extraction from the PEG-templated folic acid-functionalized
hybrid mesoporous silica. Folic acid was covalently linked
on the external surface in a way that it neither blocked
the pore entrances nor substantially filled the pores, allowing
a relevant drug loading. Aminopropyl-functionalized parti-
cles (AP-MSN) were prepared by covalent grafting of (3-
aminopropyl)triethoxysilane (APTES) on the MSN surface. Folic
acid-functionalized nanoparticles (FOL-MSN) then
obtained by amide bond formation between the amino group
of AP-MSN and folic acid carboxylic function (Fig. 2a). After the
surfactant removal, the subsequent synthesis steps concerned
BTZ-prodrug grafting through a pH-sensitive bond on the silica
pore wall surface (Fig. 2b). The nanostructure FOL-MSN-BTZ
was developed and successively optimized until negligible drug
release at neutral pH was obtained. The optimized composition
showed a lack of toxicity of FOL-MSN-BTZ in vitro towards
healthy cells at physiological pH.

The drug release as a function of time from three different
FOL-MSN-BTZ mesoporous silica compositions was studied.
The analysis was performed using HPLC at different pH values
to test the pH-sensitive behavior of the device. The composition
indicated as Low Folic (LF) showed significant toxicity towards
healthy cells in vitro (Fig. 2c) corresponding to a bortezomib
release, as evidenced in Fig. 2d. Other two different samples,
Medium Folic (MF) and High Folic (HF) were developed for the
purpose of reaching the ideal nanostructure composition that
is characterized, as mentioned, by lack of toxicity on healthy
cells and negligible bortezomib release at neutral pH. Fig. 2e
shows that very small amounts of bortezomib were still released
at pH 7 from the MF composition. The best performance was
reached with the HF composition, as shown in Fig. 2¢ and f.
The increase in the folic acid content on the external surface of
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Fig. 1 Graphical representation of FOL-MSN-BTZ structure and mechanism of internalization. (a) FOL-MSN-BTZ with evidence of functionalization
structural details; (b) mechanism of FOL-MSN-BTZ uptake in cancer cells: (1) interaction of the device through folic acid with folate receptors (FR)
overexpressed in cancer cells; (2) internalization of FOL-MSN-BTZ only in cancer cells where bortezomib is released in response to tumor acidic
microenvironment; (3) MM cell death; (4) healthy cells unaffected by FOL-MSN-BTZ administration.

the mesoporous silica particle produces a continuous folic acid
coverture that prevents the covalent grafting of the diol linker
and consequently of the BTZ prodrug on the external surface.
Our hypothesis is that the BTZ prodrug grafted on the external
surface would be less protected and more easily hydrolysable
also due to the catalytic role of silica’s external surface that
could lead to faster cleavage of the bond between BTZ and silica
nanoparticles by water molecules even at neutral pH.

This hypothesis was confirmed using energy dispersive X-ray
analysis (EDAX) carried out on the surface of LF, MF, and HF
samples (Fig. 2g-i). The B/Si elemental ratios are 0.027 for LF
(Fig. 2g), 0.0047 for MF (Fig. 2h), and 0.0025 for the HF
prototypes (Fig. 2i). Corresponding polychromatic elemental
maps of B and Si are reported in the energy-dispersive X-ray
analysis provided in the ESI,i Results and discussion. The
decrease of bortezomib prodrug content on the external surface
of the particles is related to the increase of the folic acid
content, which results, at the same time, in a reduction of

218 | Mater. Chem. Front., 2023, 7, 216-229

the drug release at neutral pH and toxicity to normal cells.
Hereafter, we will refer to FOL-MSN-BTZ to indicate the opti-
mized prototype (composition HF-MSN-BTZ) that exhibits an
optimal drug release profile.

Transmission electron microscopy (TEM) micrographs
(Fig. 3a and b) show that both the samples, MSN (Fig. 3a)
and FOL-MSN-BTZ (Fig. 3b), exhibit a porous texture in adher-
ence with materials of the MSU family, with dimensions of
primary particles in the range between 80-120 nm.

Scanning electron microscopy (SEM) micrographs (Fig. 3c
and d) show that this synthesis and successive modification
procedures yielded nanoscaled particles without a regular
morphology appearing also as aggregates of up to 300 nm.

All MSN samples highlighted a broad single reflection aris-
ing from the lack of long-range crystallographic order (Fig. 3e).
This behavior is due to disorder in the assembly of the
surfactant-templated channels in adherence to the patterns
observed for the MSU materials.>®

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2qm01009g

Open Access Article. Published on 09 November 2022. Downloaded on 12/24/2025 11:47:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Research Article Materials Chemistry Frontiers

2] 2] [<]

oH EQ o =150~ BJATERT
EOH +Et0- s'/\’NH2—> o\s|-/\/N"2 o \/E i N I ‘g
B
OH Ed - ADish N E j)L \_, ~oH g1
o’ 4
> 90
'J'c DMSD Dioxane 8
’/N £ 60 *
ares :
FOLICACID NH. 5 30 =
o, 3 S
o o =
o~\5i—/\/ oA \/( / ﬁ 3T .
S5\ S
o o7 o un o 1%
ﬂlNu\@ &\oﬁ\ ‘i’\/\/§ Q’<L§ '<\/<><\,
FoLmsy OH M N’\[ (SN ‘$§< (7% Qg (_§
‘(’\v ‘<® <<’\§
E’ NH: E ) ) )
30 3 2
= pH=tS = pH=L5 & pHe1S
® pH=5 ® pH=5 . pﬂgs'
_ 254 A pHe7 _ 254 A pH7 254 & pHe7
£ H T
g g £
e e 4
§ 0 § 2 5 2 i * L]
g 8 H
g g g . s
€ % F H = H . .
$ 15 [ ® 8 15+ H w5 ° $
S 3 s
H . H L 8
H H i e
$ 10+ . . ¢ : 2 £ 104 - . Ei0de
F) . a & F . 2
3 . a 2 . ¢ g
S 5l A » [ S 5 = ° & 5
- .
L
3] a
chas t —— = T ‘. f T 0pAA A A A A A A
0 50 100 150 200 250 300 350 400 H 0 100 150 200 250 300 350 400

Treatment time (min)

[Rasoce) o]
n

Fig. 2 Development details of FOL-MSN-BTZ nanodevice and nanostructure optimization (a) schematic representation of folic acid conjugation to the
external surface of surfactant — bearing MSNs; (b) anchoring of BTZ, after surfactant removal, on the FOL-MSN inner pore walls, functionalized with a 1,2-
diol linker, through the formation of a pH-sensitive cyclic boronate ester; (c) toxicity evaluation of LF, MF, and HF samples on normal BJhTERT cells: free
BTZ was used as a positive control. Viability was determined after 3 days. Statistical analysis was performed using One-way ANOVA and data were
reported as the mean + SD of 3 independent experiments, each performed in triplicates (*p < 0,05). Bortezomib release as a function of time, at different
pH values from (d) LF-, (€) MF-, and (f) HF-composition of FOL-MSN-BTZ; EDAX elemental mapping of B, Si, and B/Si ratio in (g) LF, (h) MF and (i) HF FOL-
MSN-BTZ samples.

Fig. 3f and g show nitrogen adsorption-desorption iso- potential analysis in the ESI,;f Results and discussion for
therms at 77 K and pore size distributions of FOL-MSN, FOL-  details).
MSN ext (surfactant-free FOL-MSN), and FOL-MSN-BTZ. The Solid-state 2°Si and *C NMR analysis of FOL-MSN-BTZ
similar patterns observed for FOL-MSN and FOL-MSN-BTZ are  (Fig. S1, ESIt) confirmed the conjugation of the organic ligands
due to the pore filling by surfactant micelles and BTZ prodrug, and BTZ to the silica nanostructure. '>*C NMR spectrum shows
respectively. The FOL-MSN ext sample exhibited a higher pore characteristic resonances that can be associated with the
volume due to surfactant extraction. Pore volume values shown carbon atoms of the alkyl chains linked to the silicon®® and
(Fig. 3h) reflect pore size distributions (Fig. 3g). DLS character- the carbon atoms of FOL and BTZ.
ization data (Fig. 3i) show a hydrodynamic diameter of around
344 and 373 nm for MSN and FOL-MSN-BTZ, respectively,
assigned to the aggregates observed in SEM and TEM micro- The obtained three different synthetic compositions of FOL-
graphs (Fig. 3b-d). Zeta potential values of MSN and FOL-MSN- MSN-BTZ (LF-MSN-BTZ, MF-MSN-BTZ, HF-MSN-BTZ) were also
BTZ are —30.2 + 6.39 mV and 18.1 £+ 3.41 mV respectively tested on the human FRo—/FRB+ MM RPMI cell lines (Fig. 4a).
(Fig. 3i). The changes observed are related to the successful Interestingly, the specificity towards FR+ cells increased pro-
functionalization of the nanoparticles’ surface®® (refer to zeta portionally to the increase in the content of FOL on MSNs.

FOL-MSN-BTZ selectively kills FR+ cancer cells

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023 Mater. Chem. Front., 2023, 7, 216-229 | 219
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Fig. 3 Physico-chemical characterization of MSN samples. TEM micrographs of (a) starting MSN and (b) the complete nanocarrier FOL-MSN-BTZ. SEM
micrographs of (c) MSN and (d) FOL-MSN BTZ. (e) XRD powder diffraction patterns. (f) Nitrogen adsorption-desorption isotherms. (g) Pore—volume
distributions. (h) BET surface area and pore volume at P/Py = 0.96 of the MSN derivatives obtained in the FOL-MSN-BTZ development process. (i)
Hydrodynamic diameter, polydispersity index (Pdl), and zeta potentials of the starting MSN and the final FOL-MSN-BTZ; analysis were performed in

triplicate, and the results are expressed as mean =+ standard deviation.

Therefore, while LF-MSN-BTZ showed similar toxicities on both
FR+ RPMI (Fig. 4a) and normal FR— BJhTERT cells (Fig. 2c),
MF-MSN-BTZ and HF-MSN-BTZ gradually showed increased
selectivity towards FR+ RPMI cells. In particular, HF-MSN-BTZ
did not show any significant toxicity on FR— BJhTERT cells. As
expected, from our previous results,'”*! the vehicle alone (LF-
MSN, MF-MSN, and HF-MSN) was not toxic to both normal or
cancer cells (Fig. 2c). The effect of HF-MSN-BTZ and the
corresponding precursor HF-MSN (ie. FOL-MSN-BTZ and
FOL-MSN, respectively) on cell proliferation was evaluated on
FR— cell lines, and FR+ RPMI MM cells being BTZ the treat-
ment of choice for this type of cancer. Strikingly, FOL-MSN-BTZ
was able to selectively induce death or inhibit proliferation of
FR+ tumor cells, but not in FR— normal cells, while free BTZ
was not sign selective and resulted toxic for all cell lines tested,
independently on their FR expression. These results fit very well
with our TEM observations on RPMI and BJhTERT cells treated

220 | Mater. Chem. Front., 2023, 7, 216-229

with FOL-MSN-BTZ, which showed how MSNs are able to enter
FR+ RPMI only and not FR— BJhTERT cells, where they
remained confined in the intercellular spaces (Fig. 4b). Immu-
nogold labelling experiments on RPMI confirmed that FOL-
MSN-BTZ uptake occurs through the FR-mediated endocytosis
(Fig. 4c).

In vivo administration of the smart chemotherapy:
biocompatibilty and antitumor efficacy

Due to the sedimentation process of the particles that reduce
their concentration in the suspensions and consequently the
concentration of the drug, we have studied in detail the FOL-
MSN and FOL-MSN-BTZ suspensions with the aim of develop-
ing the proper in vivo administration protocol. The protocol
should take into account that the real drug amount that the
mice were receiving was lower than the nominal concentration
of the suspensions (see below: Materials and methods, in vivo

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 4 MSN cellular uptake depends on FR expression. (a) FR+ RPMI MM cells were treated or not with LF, MF, and HF samples. Free BTZ was used as a
positive control. Viability was determined after 3 days. Statistical analysis was performed using One-way ANOVA and the data are reported as the mean +
SD of 3 independent experiments, each performed in triplicates (*p < 0.05). (b) TEM investigation on cancerous RPMI and normal BJhTERT cells after 1 h
treatment with FOL-MSN-BTZ. Nanoparticles (arrows) enter FR+ RPMI only and not enter FR— BJhTERT cells. (c) Colloidal-gold immunocytochemistry
for FR-B (black dots indicated by arrows) in RPMI cells exposed to FOL-MSN-BTZ for 1 h. The FR recognition at the cell membrane (left panel) and the
sequestration in FR-immunopositive intracellular vesicles (right panel) are shown.

studies, and smart chemotherapy administration). Thus, the
stability of the suspensions obtained according to the devel-
oped protocol was monitored in the time interval immediately
preceding the injection. The stability analysis results show that,
although a linear decrease in stability was observed, the correct
administration of the selected doses was ensured in the first 10
minutes. The biodistribution and fate of MSNs were correlated
to their physicochemical properties and to the medium in
which they were suspended.?® The evolution of nanoparticles
over time and fate in vivo remains undefined.?” (ESL T Results
and discussion).

A repeated dose range-finding toxicity study (No Observed
Adverse Event Level, NOAEL) for FOL-MSN and FOL-MSN-BTZ
was performed on healthy mice (Fig. 5a) to assess the most
efficacious concentration of the nanodevice to be employed in
the subsequent in vivo efficacy study. FOL-MSN showed out-
standing tolerability at all tested doses, throughout the treat-
ment period (Fig. 5a). In fact, it did not cause any significant
reduction in body weight, or signs of general toxicity, in treated
animals compared to controls. Moreover, mice well tolerated
FOL-MSN-BTZ up to the dose of 2 mg kg™ " (i.e. MSNs bearing
an amount of BTZ equal to 2 mg kg™ " (BTZ EQ), see Tables 1 and
2), but did not tolerate the highest dose (3 mg kg™ ' BTZ EQ),

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

thus, for ethical reasons, these animals were sacrificed after the
first administration. However, since the highest dose of the
vehicle FOL-MSN (3 mg kg~ ' BTZ EQ) was tolerated, we can
conclude that the toxicity of FOL-MSN-BTZ 3 mg kg™ " (BTZ EQ),
was due to the activity of BTZ itself and not to the nature of the
vehicle (Fig. 5a), confirming, also in vivo, the safety and
biocompatibility of the nanocarrier.

This result leads to the first important conclusion: animals
tolerated a double dose of BTZ (2 mg kg ' BTZ EQ) when the
drug was delivered through the MSN platform if compared to
the free drug formulation, for which the assessed maximum-
tolerated dose was 1 mg kg~ BTZ."® Therefore, we expect that
our pH-triggerable DDS, by protecting a double dose of the drug
from premature release, will improve the therapeutic efficacy of
BTZ towards the tumor.

Once identified FOL-MSN-BTZ 2 mg kg ' (BTZ EQ) as the
highest tolerated dose with no adverse observable events, we
evaluated the efficacy of the nanodevice using an in vivo female
SCID mice subcutaneous tumor (RPMI 8226 cells) model.
Briefly, the mice were treated intravenously once a week for 5
weeks with FOL-MSN-BTZ 2 mg kg™ ' (BTZ EQ), FOL-MSN 2 mg
kg ! (BTZ EQ), and BTZ 1 mg kg™ " used as the reference drug.?®
Our results showed that all the mice well-tolerated the MSN

Mater. Chem. Front., 2023, 7, 216-229 | 221
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Fig. 5 Antineoplastic efficacy. (a) NOAEL for FOL-MSN and FOL-MSN-BTZ at indicated concentrations has been evaluated on healthy mice to assess the
optimal dose to be employed in the efficacy study. (b) Body weight gains in mice throughout the treatment period. (c) Kaplan—Meier curves for survival
analysis according to different treatment groups. (d) Percentage of increase (ratio between the tumor volume at each time point and the tumor volume at
time 0) of tumor mass for each group. The results are expressed as mean + SD and were statistically analyzed using the analysis of variance (ANOVA) and
the Tukey—Kramer post-test (*o < 0.05). (e) Effect of treatments on bone marrow. Representative images of sternum sections collected from the
indicated treatment groups are reported. Captures were taken at 20x magnification scale bar: 75 pum. (f) Comparison of boron amounts in tumor and
lung tissues of mice treated with FOL-MSN-BTZ and free BTZ statistically analyzed using the non-parametric Mann—Whitney U test (*p < 0.05).

treatments since no significant body weight loss was observed Survival analysis indicated a significant mortality rate in the
throughout the experiment. Otherwise, mice treated with BTZ1 untreated animals, as compared to treated animals (p = 0.013),
mg kg ' showed a significant reduction (p < 0.05) in body especially considering FOL-MSN-BTZ (Fig. 5¢) while the median
weight compared with the untreated no-tumor group as well as  survival time for the untreated group was 18 days. Indeed,
with the untreated tumor-bearing group at the end of the during the experiment, it was necessary to sacrifice some
treatment (Fig. 5b). untreated animals for ethical issues (Table S3, ESIt), thus the
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Table 1 Evaluation of effective BTZ concentration in the suspensions prepared for the smart chemotherapy administration

Measured % Theoretical % BTZ concentration Sample BTZ dose in
Sample (BTZ sample/BTZ tot) (BTZ sample/BTZ tot) (mg mL™h) recovery (%) 0.2 mL (mg)
FOL-MSN-BTZ, 32.2 50 0.13 64.4 0.026
FOL-MSN-BTZ, 36.8 50 0.15 73.6 0.030
FOL-MSN-BTZ; 29.9 50 0.14 59.8 0.028
Avg. 22.9 0.14 65.9 0.028
St. dev. 3.5 0.01 5.8 0.002

Table 2 Corresponding FOL-MSN-BTZ and FOL-MSN concentrations for
in vivo drug administrations

BTZ EQ concen-
tration (mg kg™ ")

FOL-MSN-BTZ concen-
tration (mg kg™ ")

FOL-MSN concen-
tration (mg kg™ ")

1.0 14.6 13.1
1.5 21.9 19.6
2.0 29.2 26.2
2.5 36.5 32.7
3.0 43.8 39.3

sample size of the untreated group progressively decreased. For
this reason, and in order to have an adequate number of
animals for each group, we performed the statistical analyses
up to the 18th day (refer antitumor efficacy in the ESI, Results
and discussion for details). Mice treated with free BTZ showed
only a slight increase in tumour volume during the whole
experiment, confirming the anti-neoplastic effect of the drug
(Fig. 5d). Notably, FOL-MSN-BTZ was able to completely stop
the tumour growth as soon as after the first administration and
throughout the treatment period. These data strongly show the
higher efficacy of our delivery system compared to the free BTZ
(Fig. 5d).

It is also worth mentioning that, although not statistically
significant, the average tumor volumes in the FOL-MSN treated
group were smaller than those in the untreated control animals
at all time points. This intrinsic antitumor effect of FOL-
targeted MSNs on tumor mass has already been observed by
other authors®® and could be referred to as FOL-MSN accumu-
lation at the tumor site, supposedly due to FR recognition®® and
to the enhanced permeability and retention (EPR) effect.*” This
result could also be due to the beneficial effect of both folic acid
and mesoporous silica vehicles on fostering the immune sys-
tem response.*?

Two days after the last administration, mice were sacrificed
and blood samples were analyzed. No statistically significant
differences were noticed among treated and not treated ani-
mals in all the hematochemical parameters (Fig. S6a, ESIt). The
leukocyte formula showed a statistically significant increase
(p < 0.01) in granulocyte counts in tumor-bearing mice treated
with FOL-MSN-BTZ 2 mg kg™ ' (BTZ EQ) compared to mice
without tumor or tumor untreated animals. Such an increase is
clearly due to the drug, which, very likely, concentrates in the
tumor site triggering sustained immunogenic cell death (ICD).
In fact, bortezomib, by increasing ROS and ER stress, is one of
the few chemotherapeutic drugs that have been recognized as
an ICD inducer.*>** ICD is associated with the chronic release

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

and/or exposure of damage-associated molecular patterns
(DAMPs) by some dying apoptotic cells (e.g. tumor cells).
DAMPs act as danger signals, eliciting immunostimulatory
effects, including the recruitment and activation of macro-
phages, neutrophils, and other immune cells,*” thus promoting
immune-mediated elimination of tumor cells. This hypothesis
would justify the increase in granulocyte count in FOL-MSN-
BTZ treated mice (Fig. S6b, ESIT).

Tumor-bearing mice treated with BTZ and FOL-MSN-BTZ
showed hepatic toxicity (GPT/ALT increase) compared to tumor
not treated animals and mice without tumors (Fig. Séc, ESIT).

Nevertheless, the histological analysis of the liver tissue
sections did not show any sign of injury in all the treatment
groups, including FOL-MSN-BTZ (Fig. S7, ESIt). However, this
effect is not surprising, considering the detoxification function
of the liver. In fact, in large clinical trials of BTZ, elevations in
serum aminotransferase levels were common, occurring in
~10% of patients, but the effect is transitory and normal
values are restored after the treatment cycles.*®

Renal functionality was not affected by any treatment as
confirmed by renal marker values (Fig. S6d, ESIt) and histolo-
gical analysis (Fig. S7, ESIf). Mild hypoplasia was solely
observed in the bone marrow of BTZ-treated mice (Fig. 5e),
while no pathological alterations were noticed in the organs
explanted from all the other experimental groups.

Moreover, boron and silicon, coming from BTZ and silica
nanoparticles, respectively, have been dosed by ICP-MS in the
tissues obtained from different organs 48 h after the last
administration. Fig. 5f and Fig. S8 in the ESL,{ present all the
statistically significant data obtained.

The spleen, sternum, bladder, uterus, heart, and brain were
collected and analyzed, for boron and silicon content. The
obtained results have not been reported since no statistical
analysis could be conducted due to the very low or even
undetectable Si and B content found in these tissues.

As depicted in Fig. 5f, FOL-MSN-BTZ displayed a slightly
higher accumulation in tumor tissue compared to free BTZ and
this trend well fits with the higher in vivo antitumor efficacy of
the developed platform, very likely due to its targeting capacity.
Noteworthy, FOL-MSN-BTZ distribution in lungs was lower
than the free BTZ, and this could represent a signal of the
general lower diffusion and accumulation of the drug, if
administered through FOL-MSN-BTZ nanodevice, in the differ-
ent tissues of the organism, in comparison to the free drug but
also to the excretion of FOL-MSN-BTZ that carries the drug away
in the inactive form.

Mater. Chem. Front., 2023, 7, 216-229 | 223


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2qm01009g

Open Access Article. Published on 09 November 2022. Downloaded on 12/24/2025 11:47:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Chemistry Frontiers

Higher silicon accumulation was detected in the liver tissue
of mice treated with FOL-MSN-BTZ compared to the same
tissue of mice treated with free BTZ, probably due to the role
of the liver as the primary organ of the nanoparticle
detoxification®” (Fig. S8, ESIt). Conversely, no significant dif-
ference (*p > 0.05) in silicon accumulation was recorded in the
kidney of untreated mice (CTR TUM), treated with FOL-MSN-
BTZ, and FOL-MSN. Silicon detected in tissues of untreated
mice (CTR TUM) and treated with free BTZ is related to the
natural presence of this element in various organs as reported
in the literature.®®

Conclusions

Here, we described a totally engineered approach to the devel-
opment of an MSN-based nanodevice able to provide the smart
administration of a chemotherapeutic agent. The system is
engineered to be internalized by myeloma cells and to release
BTZ only at a slightly acid pH, maintaining the drug in an
inactive form at physiological pH and also in the case of direct
excretion. Furthermore, it is designed to leave healthy cells
unaffected. The fine balancing of the different functionalities of
the nanodevice around the external and internal surface of the
MSN particles was investigated with the aim of identifying an
optimized nanostructure owning the most suitable features for
target therapy applications.

The obtained nanodevices were engineered as injectable
suspensions, which allowed the delivery of up to double the
maximum administered dose of bortezomib in a MM animal
model. This expectedly leads to a clear gain in therapeutic
efficacy compared to the free drug. Noteworthily, the higher
antitumor efficacy is not accompanied by higher toxicity, but
rather a trend towards lower toxicity was observed. Indeed,
compared to free bortezomib, FOL-MSN-BTZ-treated animals
tended to live longer, did not significantly lose weight, and did
not show marrow aplasia. Moreover, BTZ delivered through the
nanodevice preferentially accumulates in tumors (very likely
the reason for the higher efficacy of our system) and much less
in other tissues.

The evidence gathered here shows the striking specificity of
FOL-MSN-BTZ toward FR-expressing MM cells, a significantly
higher in vivo antitumor efficacy, and a better safety profile
compared to conventional bortezomib formulations. Our data
suggest that FOL-MSN-BTZ represents a great opportunity for
the future exploitation of MSNs-based strategies in the ther-
apeutic management of multiple myeloma.

Materials and methods
Chemicals and reagents

Reagents were commercially available with analytical grade and
used as purchased without further purification. Solvents were
purified according to well-known laboratory methods and
freshly distilled before use. Triton X-100, neutral polyoxyethy-
lene (10) octylphenyl ether, tetraethylorthosilicate (TEOS),
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(3-aminopropyl)-triethoxysilane (APTES), folic acid (FOL), dii-
sopropylcarbodiimide (DIC), water (HPLC grade), acetone
(HPLC grade) were purchased from MERCK/Sigma-Aldrich
(Milan, Italy). Bortezomib was purchased from LC Laboratories,
Woburn, MA. Ethanol, diethyl ether, 1,4-dioxane, dimethylfor-
mamide (DMF), tetrahydrofuran (THF), trifluoroacetic acid
(TFA), and acetic acid were obtained from VWR. Dimethyl
sulfoxide (DMSO) and cyclohexane were purchased from Merck
and triethylamine from Carlo Erba. Ultrapure water was dis-
tilled using the MilliQ® water, Millipore.

Instruments and general experimental details

Thermogravimetric analysis (TGA) was carried out using a
Netzsch STA 409 instrument between 293.15 K and 1123.15 K
at a ramp of 10 K min~" in the air with a flow rate of 10 mL
min~'. The zeta potential values were determined using the
Zeta-sizer ZS (Malvern Instruments Ltd, Malvern, U.K.) at
298.15 £+ 0.1 K. The size and distribution of MSNs were
determined, at 298.15 £ 0.1 K using Dynamic Light Scattering
(DLS) analysis using a 90 Plus Particle Size Analyzer (Brookha-
ven Instruments Corporation, New York, USA).

NMR spectra were obtained at 300 K on a Bruker spectro-
meter Avance II 400 MHz.

29Si {"H} CP-MAS NMR spectra were recorded at 300 K on a
Bruker spectrometer Avance II 400 MHz (9.4 T), operating at
79.4 MHz for *°Si nuclide with a rotation rate of magic-angle of
6 KHz, 1000 scans, contact time 8 ms, a proton pulse of 5.1 ms
and delay time of 5 s. Optimization of the Hartmann-Hahn
condition was performed using a standard sample of Q8MS8
(Si[CH;)3]5Si5020). "*C{*H} CP-MAS NMR spectra were obtained
at 300 K and 100.63 MHz for nuclide *C with a rotation magic
angle rate of 6 MHz, 4096 scans, a contact time of 2 ms, a
proton pulse of 5.1 ms and a delay time of 3 s. Optimization of
the Hartmann-Hahn condition was performed using a stan-
dard adamantine sample. All the samples were pressed using a
zirconia rotator of 4 mm with Kel-F caps.

Determination of boron content was performed using
atomic absorption spectroscopy on an Analytik.

Jena AG contrAA 700 - High-Resolution Continuum Source
Atomic Absorption Spectrometer. HPLC analyses for the release
tests were performed on a Jasco HPLC analyzer using a flow rate
of 1 mL min~". A 30/70% v/v of a solution of acetonitrile/water
was used as the mobile phase. A UV-VIS wavelength of 270 nm
was chosen to acquire the HPLC chromatograms.

Bortezomib release from FOL-MSN-BTZ was monitored, as a
function of time, after keeping the suspension in physiological
solutions at pH 7 typical of a haematic environment, pH
5 typical of intracellular organelles of cancer cells and pH 1.5,
a strong acid pH, which is useful for the evaluation of the
amount of bortezomib not hydrolysed at pH 5 that could be
considered retained in the nanoparticles.

Synthesis of FOL-MSN-BTZ

MSN synthesis. The starting MSU-type MSNs, already
employed in ref. 17, were synthesized at room temperature
through a modification® of a previously-introduced interfacial
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biphasic emulsion assembly mechanism at neutral pH of non-
ionic poly(ethylene oxide)-based surfactants and silica.'®

The surfactant Triton X-100 (21 g) was dissolved in ultrapure
water (230 g) for about four hours at room temperature.
In order to create two phases, along the vessel, it was slowly
added to a solution of TEOS (22 g) in cyclohexane (9.8 g) (molar
composition TEOS:cyclohexane:Triton X-100:H,0O was
1:1.08:0.32:120, respectively).

The synthesis was carried out at room temperature. The
upper phase was removed and the resulting precipitate was
collected by filtration and washed three times with ultrapure
water. Finally, the sample was dried in the oven at 343.15 K for
24 h thus a white powder was obtained.

Synthesis of FOL-MSN. For this purpose, (3-amino-
propyl)triethoxysilane (APTES) was used as an amino-silane
linker at two different APTES:MSN ratios, AP-MSN(1) was
at 2.03 g ¢ ' and AP-MSN (2) was at 2.43 ¢ g ". In a
typical preparation, a solution containing APTES in ethanol
(0.57 ¢ mL™") was added to a suspension of (8 g) MSNs in
(28.57 mL) of ethanol. The synthesis was left under stirring at
room temperature for 48 h. The suspension was filtered and
washed once with ethanol and twice with ultrapure water. The
resulting solid sample (AP-MSN) was then placed in an oven at
343.15 K for 24 hours.

Three different FOL-MSN samples were synthesized using
different FOL/AP-MSN ratios, LF-FOL-MSN, MF-FOL-MSN, and
HF-FOL-MSN equal to 0.11, 0.12, and 0.14 g g~ ", respectively.
Specifically, AP-MSN (1) was employed as starting material for
LF-FOL-MSN, while AP-MSN (2) for MF-FOL-MSN and HF-FOL-
MSN.

For the functionalization process, folic acid was used in
combination with triethylamine (TEA) and N,N’-diisopro-
pylcarbodiimide (DIC) in a molar ratio of 1:1.6:10.15 mmol,
respectively.

Folic acid was completely dissolved in DMSO (0.04 g mL %)
After that, TEA, DIC, and finally AP-MSN were added. The so-
obtained suspension was stirred at room temperature for 40
hours. Finally, the mixture was filtered and washed with
dimethylformamide (DMF), dioxane, diethyl ether, and ultra-
pure water (once for each solvent). The resultant yellow powder
(5 g) was dried and stored in sealed containers protected from
light. Subsequently, the surfactant within the pores was
removed at room temperature using 1 g of material in 0.33 L
of ultrapure water. The number of extractions required to reach
a complete surfactant removal was established by monitoring
(by TGA) the total mass loss of the sample subjected to
subsequent extraction and filtration steps until a constant
value was reached. Then, the resulting FOL-MSN was washed
with 1,4-dioxane and dried at 318.15 K overnight.

Bortezomib loading. The inner pores of FOL-MSN
were functionalized with 3-glycidoxypropyltrimethoxysilane. A
suspension of FOL-MSN (1 g) in 1,4-dioxane (30 mL)
3-glycidoxypropyltrimethoxysilane (2 mL) was added. The reac-
tion mixture was kept under stirring at room temperature for
18 h. Then, the mixture was washed with dioxane and THF and
filtered through nylon filters, the resulting powder was dried at
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318.15 K. The recovered product was subsequently treated with
a 0.001 N HCI solution (pH 2-3). The mixture was stirred at
room temperature for 10 h. After this time, the reaction mixture
was washed with ultrapure water and THF, filtered, and dried at
318.15 K to afford FOL-MSN-DIOL.

For the FOL-MSN-BTZ preparation, bortezomib was loaded
using a FOL-MSN-DIOL : BTZ molar ratio of 1:1.5 on the basis
of the 1,2-diol linker content on FOL-MSN determined by TGA.

The reaction was carried out under an inert atmosphere.
FOL-MSN-DIOL was suspended in dry 1,4-dioxane and then
BTZ was added. The reaction mixture was gently stirred at room
temperature for 24 h; then the nanoparticles were filtered and
washed three times with dry dioxane and three times with dry
dichloromethane. The recovered liquid phase was concentrated
under reduced pressure and used for a second drug loading
cycle. The second drug loading procedure was performed by
adding 10% of the initially used amount of the drug to the
solution resulting from the first drug loading cycle. The reac-
tion was left for 24 h at room temperature under gentle stirring
(30 rpm). The final product (FOL-MSN-BTZ) was filtered and
washed as previously described. The sample was then stored in
sealed containers at 253.15 K to preserve the integrity of
the drug.

Determination of bortezomib content in FOL-MSN-BTZ. The
drug loading in FOL-MSN-BTZ was determined by quantifying
boron, exclusively present in the BTZ molecule, using flame
atomic absorption (AAF). The BTZ content in FOL-MSN-BTZ
was 10.38%.

The sample was treated as described below:

(1) dried at low temperature in a water bath (temperature
heating plate 323.15 K - bath temperature 311.15 K); (2)
transferred into plastic containers; (3) treated with 0.6 mL HF
(complete dissolution of the MSN powder was observed); (4)
treated with 0.1 mL HNOj; (5) the addition of 6.3 mL of
ultrapure water (MilliQ-test 1) to reach the final 7 mL sample
volume required for the spectrophotometric analysis. The
obtained samples were analyzed by atomic absorption spectro-
scopy (contrAA® 700, Analytikjena, Germany).

The same technique and procedure were employed for the
determination of the drug amount in the suspensions (see
below: Smart chemotherapy administration).

Cell culture and treatments

Human FR+ MM RPMI-8226 (RPMI) and FR— normal foreskin
fibroblast BJhTERT were purchased from ATCC where they
were authenticated. Cells were stored according to the suppli-
er’s instructions and used within 6 months after frozen aliquot
resuscitations. RPMI cells were cultured in RPMI-1640 medium
and BJhTERT in Dulbecco’s Modified Eagle’s Medium (DMEM),
both containing 10% Fetal Bovine Serum (FBS), 100 IU mL ™"
penicillin/streptomycin (pen/strep) and 0.2 mM r-glutamine.
All culture media and additives were obtained from Gibco™
(Life Technologies, Monza MB, Italy). Trypsin—-EDTA solution
10x, formaldehyde, EtOH, tween80, and NP-40 were obtained
from MERCK/Sigma-Aldrich (Milan, Italy). Mycoplasma nega-
tivity was tested monthly (PlasmoTest, Invivogen). For the cell
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treatment, a ratio of 1 ug MSNs/10° cells was used based on
titration experiments. Free BTZ was added as a positive control
in amounts corresponding to the percentage of BTZ carried by
FOL-MSN-BTZ.

Cell proliferation assays

MSN effect on cell proliferation was assessed by the trypan blue
exclusion assay. Cells were seeded in triplicates for each con-
dition, synchronized in serum-free media (SFM) for 24 h, and
then treated for 1 h with MSNs. Cells were then switched to
fresh growing medium plus 1% FBS and counted after 72 h.
Cell viability was determined by Countess®™ II Automated Cell
Counter (Invitrogen, Life Technology, IT), according to the
supplier’s instructions.

Transmission electron microscopy (TEM) and electron
immunocytochemistry

For conventional TEM analysis and electron immunocytochem-
istry, cells were treated as described for growth experiments
and harvested after 1 h of treatment to detect MSN uptake. All
samples were routinely fixed, dehydrated, and resin-embedded
using heat polymerization.

For indirect immunolabeling, grids were floated on drops of
1% bovine serum albumin (BSA) in PBS containing 0.02-M
glycine at RT for 30 minutes to reduce nonspecific binding.
Sections were then incubated with a rabbit polyclonal antibody
against FR-B (1:10) (Invitrogen, cat#PA5-45768) at 277.15 K
overnight. The grids were then transferred to 50 pL drops of
secondary antibody conjugated to 10 nm gold particles for 1 h,
at RT. Observations were performed under a Jeol JEM-1400 Plus
electron microscope (Jeol Ltd, Tokyo, Japan) operating at 80 kV.

In vivo studies. The intravenous administration of the
nanoparticles needed the preliminary development of a FOL-
MSN-BTZ suspension preparation protocol for obtaining a well-
known suspension volume/bortezomib amount ratio. To reach
this level of knowledge, the suspension obtained from FOL-
MSN-BTZ in 0.9% physiological solution was carefully exam-
ined to evaluate the real drug concentration during the admin-
istration phase. Three different suspensions (FOL-MSN-BTZ,_;)
of known concentrations were prepared by magnetic stirring for
13 minutes, and the supernatant, equivalent to the upper half
volume of the suspension, was immediately collected and
analyzed by atomic absorption spectroscopy, to evaluate the
effective boron concentration that is equimolar to bortezomib
in FOL-MSN-BTZ.

The results presented in Table 1 suggest that the BTZ
content in the liquid phase is 65.9% (£+5.8%) of the expected
dose of FOL-MSN-BTZ resuspended with magnetic stirring for
13 minutes and immediately collected, without sedimentation.

Animals and ethical statements

10 weeks old female Balb/cOlaHsd mice and five weeks old
female SCID mice (C.B-17/IcrHanHsd-Prkdcscid) were pur-
chased from Envigo (Bresso, Italy).

All mice were housed under a 12:12 h light: dark cycle with
food and water available ad libitum.
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Animal studies were reviewed and approved by the Ethics
Committee of the University of Milano-Bicocca and the Ministry
of Health (approval numbers 919/2015-PR del 27/07/2015). The
accreditation number of the laboratory used for animal studies
is 08/2015-UT of 21/05/2015. The care and husbandry of ani-
mals were in conformity with the institutional guidelines in
compliance with national (D.L.vo no. 26/2014) and interna-
tional laws and policies (EEC Council Directive 86/609, O] L
358, 1, Dec.12, 1987; Guide for the Care and Use of Laboratory
Animals, U.S. National Research Council, 1996).

NOAEL (no observed adverse event level)

NAOEL was conducted on 10 groups of female Balb/c mice (6
mice/group), receiving MSN-FOL and FOL-MSN-BTZ, at increas-
ing concentrations corresponding to doses 1, 1.5, 2, and
3 mg kg™ ! of free BTZ, as follows:

(1) Not treated mice (controls);

(2) Free BTZ (1 mg kg 1);

(3) FOL-MSN-BTZ (1 mg kg™ '),

4) MSN-FOL (1 mg kg™ ");
(5) FOL-MSN-BTZ (1.5 mg kg™ ");
6) MSN-FOL (1.5 mg kg™ 1),
(7) FOL-MSN-BTZ (2 mg kg 1),
(8) MSN-FOL (2 mg kg™ ");
(9) FOL-MSN-BTZ (3 mg kg 1),

(10) MSN-FOL (3 mg kg™ ).

BTZ was administered at a final concentration of 1 mg kg™,
chosen on the basis of previous results.'®

The drug was dissolved in 5% EtOH and dissolved in a warm
bath (37 °C). 5% tween80 and saline were then added and the
obtained solution was sonicated by immersion until complete
clarification. FOL-MSN-BTZ and MSN-FOL were suspended in
saline solution with a magnetic stirrer for 15 minutes and were
tested at the concentrations of 1, 1,5, 2, and 3 mg kg "
10 mL kg~ of all treatments were administered intravenously
once a week for 5 weeks (1gqwx5). Corresponding amounts of
saline solution were fed to control mice.

In vivo antitumor efficacy

RPMI 8226 cancer cells were subcutaneously implanted in the
left hip of 7 weeks old animals (10 x 10° cells per animal in
200 pl PBS). When the tumor reached 200-500 mg size
(about 30-40 days after implant), mice were divided into
5 groups, randomized on tumor size:

(1) No tumor (n = 7);

(2) Untreated tumor (n = 11);

(3) Tumor + BTZ 1 mg kg™ (n = 10);

(4) Tumor + FOL-MSN 2 mg kg™ (n = 10);

(5) Tumor + FOL-MSN-BTZ 2 mg kg~ " (n = 9).

Based on NOAEL data (Fig. 5a), FOL-MSN and FOL-MSN-BTZ
were used at 2 mg kg, while BTZ was at 1 mg kg~ '.%° BTZ was
dissolved in 5% EtOH in a warm bath (310.15 K). 5% tween80
and saline were then added and the obtained solution was
sonicated by immersion until complete clarification. FOL-MSN-
BTZ and FOL-MSN were suspended in saline solution with a

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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magnetic stirrer for 15 minutes and were tested at the concen-
trations of 2 mg kg™ ".

All the treatments were administered intravenously at
10 mL kg~ ' once a week for 5 weeks (1qwx5). Corresponding
amounts of saline solutions were fed to control mice.

Animal general conditions were recorded daily until sacri-
fice. Changes in their appearance (decreased grooming, dishev-
eled fur, piloerection, exaggerated kyphosis), behavior
(decreased nesting), and activity (decreased exploring) were
monitored daily. Mice’s weight and tumor size were measured
twice a week. The growth of subcutaneous tumors was mea-
sured using a Vernier caliper. The length (L) and width (W) of
the tumors was measured and their volumes were calculated
using the formula (L x W2)/2. Animals were sacrificed when
tumor volume exceeded about 10% of their body weight.

Hematological, hematochemical, and histological analysis

48 h after the last administration, the mice were sacrificed and
blood was analyzed for the hematochemical and hematological
parameters.

48 h after the last administration, 3 mice/group were sacri-
ficed and the main organs were collected for histological
examinations. Some of the animals were sacrificed for ethical
reasons at the end of the experiment, in case abnormal tumor
growth occurred (Table S3, ESIt).

Once collected, the target organs were washed with 0.1 M
PBS, pH 7.4, fixed by immersion in 10% buffered formalin O/N
at room temperature, embedded in paraffin (Embedding Cen-
ter Leica EG1160, Leica Biosystem, Wetzlar, Germany), cross-
sectioned at 3 pm thickness by a rotary microtome, mounted on
slides, stained using hematoxylin and eosin (HE) and observed
under a light microscope (Nikon Eclipse 50i, Melville, NY, USA).
Representative images were captured with a digital camera
(Nikon Digital Sight DS-2Mv).

MSN biodistribution

Metal concentrations in tissues were measured by inductively
coupled plasma-mass spectrometry (ICP-MS) analysis. The
determinations were carried out utilizing an Elan DRC-e ICP-
MS instrument (PerkinElmer SCIEX, Canada), and the sample
delivery system consisted of a PerkinElmer autosampler model
AS-93 Plus with a peristaltic pump and a cross-flow nebulizer
with a Scott type spray chamber. The ICP torch was standard
(Fassel-type torch) with a platinum injector. A solution contain-
ing Rh, Mg, Pb, Ba, and Ce (10 pug L', Merck) was used to
optimize the instrument in terms of sensitivity, resolution, and
mass calibration.

An Anton Paar Multiwave 3000 with programmable power
control (maximum power 1400 W) and rotor XF100 (operating
pressure up to 120 bar maximum; operating temperature,
533.15 K maximum; construction material, PTFE-TFM for the
liner) was used for the microwave digestion of samples. The
digestion was achieved by adding 4 mL of HNO; and 2 mL H,0,
into vessels containing 100 mg of tissue with a power ramp
from 0 to 600 W in 15 min, a 10 min hold step at 600 W, and a
cooling step for 10 min. After digestion, the extracts were
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quantitatively transferred to a graduated polypropylene test
tube, diluted with ultrapure water to 50 mL, and then analyzed
by ICP-MS.

Single element solutions of B and Si (100 mg L™*, Merck)
were used for the preparation of aqueous calibration standard
solutions after appropriate dilution. For the quantitative ana-
lysis, external calibration curves were built on seven different
concentrations in a calibration range of 0.2-500 pg L™".

The comparison between the boron concentration values
detected in tumour tissues of mice treated with free BTZ and
FOL-MSN-BTZ was made by applying the non-parametric
Mann-Whitney U test. The same statistical approach was
applied to compare the boron concentrations found in lung
tissue.

Statistical evaluation. We firstly assessed the survival of
animals in different treatment groups using the Kaplan-Meier
method, providing also the log-rank test for the comparison of
estimated survivor failure functions. We set up death as the
failure indicator (whether or not the animal was ethically
sacrificed when the tumor volume reached a challenging value)
and days from the baseline assessment to death or censoring
as the time at risk according to the follow-up period of the
study. We visually inspected tumor growth, considering log-
transformed tumor volume and potentially-exponential growth.
Descriptive statistics are provided (e.g., median with interquar-
tile range - iqr). The Kruskal-Wallis test was performed to test
any differences in terms of animals’ tumor volume at baseline.
Taking into account repeated measures for the same animal,
we performed a mixed-effects generalized linear model, with a
random-intercept term at the animal level and specifying a
Gamma distribution, to test the association between the treat-
ment group and tumor volume (outcome). We also included the
interaction between treatment groups and time to assess tumor
growth differences over time according to different treatment
groups. In addition, we assessed treatment group differences by
estimating conditional marginal effects and performing pair-
wise comparisons of average marginal effects.

Body weight and hematochemical/haematological para-
meters were statistically analyzed using a 2-step approach
involving a nonparametric One-way ANOVA test and the Krus-
kall-Wallis post-test (significance level set at p < 0.05). Data
analysis was carried out using GraphPad 4.0 software (Graph-
Pad Software, Inc., San Diego, California).
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